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ABSTRACT OF THESIS

CHARACTERIZATION AND UPGRADE OF ENDOCARP BIOMASS DERIVED
LIGNIN TO VALUE ADDED PRODUCTS
Lignin is an abundant biopolymer and a promising source of feedstock for highvalue chemicals and energy materials, however, application methods of lignin into
valuable products is yet to be fully explored. This study explores the valorization of
lignin derived from lignin-rich endocarp biomass through the development of ligninderived electrode materials. The chemical composition and cellular structure of the
endocarps were characterized using HPLC and scanning electron microscopy (SEM)
imaging. Mechanical properties of walnut and peach endocarps and preprocessing
requirements were investigated using nanoindentation and specific energy consumption
during grinding. Next, lignin was extracted from endocarps using deep eutectic solvent
and alkaline pretreatment methods and applied in the synthesis of carbon-silicon
nanocomposites for energy storage application. The lignin derived composite electrodes
exhibited impressive electrochemical performance in a half-coin cell lithium-ion battery
with the DES and alkaline lignin retaining average discharge capacities of 1552 mAh/g
and 1602 mAh/g, respectively, after 200 cycles. Results from this study provide a better
understanding of structure and property of endocarp biomass feedstocks and demonstrate
the utilization of endocarp derived lignin in electrochemical energy storage applications
thereby improving the economic efficiency of biomass conversion.
KEYWORDS: Lignin conversion, endocarp biomass, size reduction, silicon-carbon
composite, lithium-ion battery
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CHAPTER 1. INTRODUCTION
1.1

Research Background
As the energy demand on earth increases along with its population, fossil fuels are

being depleted as an energy source thereby increasing research interest in its replacement
with more renewable energy sources (Ragauskas et al., 2006). Biofuel production from
agricultural feedstock is a promising alternative that has gained significant attention and
extensive research. Biorefineries have opted to use lignocellulosic biomass resources in
fuel conversion to limit competition with food. The plant cellulose and hemicellulose are
converted into fermentable sugars for biofuels and the leftover lignin is traditionally
burned to generate power for these industries. Upgrading lignin to value-added products
could improve the economic efficiency of the bioconversion process and encourage
integrated biorefineries.

1.2
1.2.1

Literature review
Lignocellulosic biomass

Lignocellulosic biomass includes raw plant material from agricultural and forest
residues and are abundant on earth. Based on the US Department of Energy 2016 billionton report, 154 million dry tons of forestry resources and 144 million dry tons of
agricultural resources are available at $60 per dry ton or less (Langholtz, 2016).
Lignocellulose is a complex structure that consists of the polysaccharides, cellulose and
1

hemicellulose, and the structural material, lignin (Lee, 1997). Cellulose is a homogenous
polysaccharide of D-glucopyranose subunits that are linked by β-1, 4-glycosidic bonds
(Kumar et al., 2008). The cellulose chains are bonded together through hydrogen bonding
to form fibrils. Cellulose is hydrolyzed by the enzyme cellulase which is effective in
hydrolyzing the amorphous portion of the polymer and less effective in hydrolyzing the
crystalline structure of cellulose (Taherzadeh & Karimi, 2008). Hemicellulose is a
complex heterogenous structure that consists of pentose and hexose sugars including
xylan, arabinan, mannan, and galactan polymers. Hemicellulose sugars from hardwood
mainly contain xylan while glucomannan are mostly found in softwood (Hendriks &
Zeeman, 2009). Hemicelluloses are branched polymers consisting of shorter chains than
cellulose and amorphous in nature (Mussatto & Teixeira, 2010).
Lignin is a structural polymer tightly bound to cellulose and hemicellulose that
provides mechanical support in the plant cell wall and protection from environmental
stresses. Lignin is made up of phenylpropane units existing in three main monomers: pcoumaryl (H), coniferyl (G), and sinapyl (S) monomers (Welker et al., 2015b). Lignin is
linked to cellulose and hemicellulose via lignin–carbohydrate linkages to provide
resistance to oxidative stress and microbial attack (Mussatto & Teixeira, 2010). In order
to convert lignocellulosic biomass to fuels, delignification through pretreatment is
required to detach the cellulose and hemicellulose from lignin, followed by enzymatic
hydrolysis to release the sugars from the resulting cellulose rich materials (Mosier et al.,
2005), and the hydrolysates are subsequently fermented to produce biofuels or chemicals
(Miazek et al., 2014). Recent research has focused on overcoming lignin’s heterogeneity
and recalcitrance to improve bioproduction and the conversion of the lignin fraction into
2

aromatic chemicals and materials to generate new product streams from biorefineries
(Ragauskas et al., 2014).
1.2.2

Lignin conversion

Lignin is a naturally abundant biopolymer present in plant cell walls. Its complex
three-dimensional structure is made up of highly cross-linked monolignols derived from
the phenylpropanoid biosynthetic pathway and present in varying ratios in different
biomass (Welker et al., 2015b). According to an extensive study, (Holladay et al., 2007),
potential applications of lignin can be divided into three categories: 1) power, green fuels
and syngas materials; 2) macromolecules; and 3) phenolics and aromatic compounds.
Lignin depolymerization can be achieved using thermochemical methods, including
pyrolysis, catalytic oxidation, gasification, hydrogenolysis and hydrolysis, and biological
methods. The thermochemical methods employed in lignin depolymerization was
reviewed (Figure 1) (Pandey & Kim, 2011). Pyrolysis is the thermal breakdown of
biomass in the absence of oxygen. Pyrolysis of lignin produces a bio-oil containing a
mixture of aromatic compounds, gas products and residual char. Catalytic oxidation of
lignin in the presence of gaseous oxygen or oxidative chemical species at high
temperature mainly produces vanillin and lignin aldehydes such as syringaldehyde and phydroxybenzaldehyde (Behling et al., 2016). Hydrogenolysis is the thermal treatment of
biomass in the presence of hydrogen with the addition of solvents and catalysts to
increase yield. Catalytic transfer hydrogenolysis (CTH) is an attractive approach to
hydrogenolysis due to its milder conditions and the use of safer hydrogen-donating
solvents compared to gaseous hydrogen. Alcohols, formic acid, and formates are
3

hydrogen sources used in cleaving C–C or C–O lignin bonds during which produces high
yields of phenols (Zhang, 2018). The composition of products obtained from
thermochemical methods are dependent on the lignin source, treatment conditions and
extraction method (Pandey & Kim, 2011).

Figure 1 Thermochemical lignin conversion processes (Pandey & Kim, 2011).
Lignin can be depolymerized biologically by some microorganisms into aromatic
compounds using ligninolytic enzymes including laccase, lignin peroxidase, manganese
peroxidase and versatile peroxidases (Xie et al., 2016). Lignin biodegradation has mostly
been observed in wood-decaying basidiomycetes including white and brown rot fungi.
The white rot fungi can completely degrade lignin from wood to CO2 and water through a
cascade of metabolic pathways involving ligninolytic enzymes (Xie et al., 2014). Some
bacteria can degrade lignin and lignin-derived compounds though at a weaker capacity
than fungi. These lignin-degrading bacteria belong to three classes: Actinomycetes, αproteobacteria, and γ-proteobacteria, and can produce extracellular enzymes, with laccase
4

being a prevalent enzyme amongst bacterial species (Janusz et al., 2017). The oleaginous
species, Rhodococcus, can digest lignin and convert it into lipids with high accumulation
(Kosa & Ragauskas, 2012). Although several processes for the thermochemical
conversion of lignin have been developed, most of these processes usually require high
temperature and energy, and produce compounds that require further upgrading and
usually inhibitory to fermentation (Pandey & Kim, 2011). Biological depolymerization
and degradation represent a potential alternative for lignin conversion.
1.2.3

Endocarp biomass

Drupe fruit endocarps such as peach pits, walnut, coconut and almond shells are
high density feedstocks and display lignin contents of up to 50% which is higher than
other biomass sources (Mendu et al., 2012). The endocarp is the hardened inner layer of
drupe fruits that is inedible and usually discarded during fruit or nut processing. This
biomass cannot be used as animal feed and does not decompose easily, hence, it cannot
be re-integrated into the soil. After drupe fruit processing, endocarps can be burned as
fuel for the processing plant or used for animal bedding. As a result of their hardness,
endocarps like walnut shells are used industrially for abrasive blasting and polishing of
surfaces. Peach and apricot seeds can also be used in cosmetics as exfoliants or to
produce seed oils due to bioactive compounds present (Ordoudi et al., 2018). Due to their
high lignin content, endocarp biomass has high bulk energy and serve as potential
feedstock for lignin that can be upgraded to value-added chemicals in biorefineries.
Endocarps are produced worldwide with an annual yield of 31 million dry tons (Mendu et
al., 2012). Figure 2 shows an estimate of endocarp biomass production annually as a
5

percentage of yield of several endocarp crops including almond, coconut, mango, olive,
walnut, pistachio, cherry, peach, plum, and apricot. The highest density of drupe
endocarp production could be seen in developing countries across South Asia, and
broadly across Southern and Northern Europe, and the Middle East. Isolated production
areas were observed in the U.S, Africa, China, Australia, Central America, and South
America.

Figure 2 Global projection of drupe endocarp biomass annually as a percentage of yield
of several endocarp crops including almond, coconut, mango, olive, walnut, pistachio,
cherry, peach, plum, and apricot (Mendu et al., 2012).
Based on the USDA Noncitrus Fruits and Nuts 2018 Summary and the drupe to
flesh ratio listed in (Mendu et al., 2012), endocarp production from U.S. processing
plants reached well over 1 million dry tons in 2018, which breaks down to almonds:
1,123.5, walnut: 234.5, peach: 97.7, pistachios: 139.7, olives: 7.5, cherries: 27.5, apricots:
4.0, and plums: 4.0, in thousand dry tons (USDA, 2019). Almonds, walnuts, olives,
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pistachios, runes and plums in the US are majorly produced in the state of California.
Peach production in various states is seen in Figure 3.

California
New Jersey

Georgia
Pennsylvania

South Carolina
Colorado

Figure 3 US Peach production in 2018 (USDA, 2019).
Endocarps have higher bulk and energy density when compared to other widely
used biomass as seen in Figure 4 (Li et al., 2018b). The energy content of endocarp tissue
ranges between 16.2-22.8 MJ/kg with an average value of 19.5 MJ/kg which is higher
than biomass energy feedstock like hybrid poplar (19.3 MJ/kg), corn stover (18.0 MJ/kg),
switchgrass (18.5 MJ/kg), reed canary grass (17.7 MJ/kg) and alfalfa stem (18.6 MJ/kg)
(Dien et al., 2006; Mendu et al., 2012). An earlier study estimated the global bioenergy
production potential of endocarps through gasification at 5.5–6.7 × 108 GJ per annum
(Mendu et al., 2012).

7
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Figure 4 Bulk densities of walnut and peach endocarps compared to switchgrass and
lodgepole pine (Li et al., 2018b).
The high-density of endocarps lowers transportation costs and simplifies storage
prior to processing in biorefineries. This biomass can also be readily collected from
processing plants thereby streamlining logistics. It would be beneficial to explore this
high-lignin biomass and its feasibility in the production of lignin-based co-products.
1.2.4

Lithium-ion batteries

Due to the emerging markets of portable electronic devices and electric vehicles
generating enormous demand for advanced lithium-ion batteries (LIB), there is growing
interest in improving the energy density and storage capacity of current LIBs to sustain
battery technology (Armand & Tarascon, 2008). A battery cell consists of two electrodes
bound by an electrolyte, which is an ionically conductive substance (Figure 5). During
the electrochemical reaction in the cell, the anode, or negative electrode, is oxidized; the
cathode, or positive electrode, is reduced and the electrolyte serves as a medium for
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electron transfer between the anode and the cathode. Separators are for electrical
insulation between positive and negative electrodes (Hadjipaschalis et al., 2009).

Figure 5 Components of a battery cell and flow of ions in electrodes (Hadjipaschalis et
al., 2009).
Lithium is used in batteries because it is the lightest metal and the most
electropositive making storage systems with high energy density easier to build
(Tarascon & Armand, 2011). Because of its high conductivity and low cost, graphite is
commonly used as the electrode material in anodes, but it has low poor theoretical
specific capacity (372 mAh g-1) (D. Ma et al., 2014). Silicon has been considered as one
of the most promising negative electrode materials for advanced lithium-ion batteries
because of its high theoretical specific capacity (4200 mAh/g), abundance, low
electrochemical potential and low cost (D. Ma et al., 2014).

9

However, the irreversible volume change (~300%) that occurs in silicon during
lithiation and delithiation causes extreme particle pulverization, the formation of an
unstable solid-electrolyte interphase (SEI), and the loss of electrical contact at the
electrode level, resulting in capacity loss and short cycle life (Roy et al., 2016). Various
approaches have been employed to improve the mechanical integrity of silicon-based
LIBs by accommodating the volume change during insertion and extraction of lithium
ions including nano-sized silicon structures like nanoparticles, nano-wires, nanotubes,
and nano porous networks (Jin et al., 2017), binder materials and composites of silicon
and conductive materials like carbon (D. Ma et al., 2014). Recently, promising results
were reported with carbon-silicon nanoparticles composites derived from pyrolysis of
Kraft lignin (Li, 2019). The carbon layer served as a protective shell for the silicon
nanoparticles and exhibited improved electrochemical performance as potential electrode
material for LIBs. In another study, lignin replaced conventional polymer binder in
negative electrode as a binder and conductive additive, which retained 2378 mAh g−1
after 100 cycles at 1 A g-1 and is comparable to electrodes using conventional binder
materials (Chen et al., 2016). The development of lignin-based electrode materials offers
many benefits in the advancement of LIBs including a simple synthesis, low-cost, binderfree alternative with remarkable electrochemical performance, as well as a promising
pathway for lignin valorization.

1.3

Research Motivations
Lignin is a promising source of aromatic compounds that can be upgraded to

valuable chemicals and materials. Lignin valorization is a significant aspect of biofuel
10

conversion that will improve cost effectiveness, waste management and generate revenue
in biorefineries. Biomass feedstock with high lignin content and accessibility is required
to improve lignin utilization. Endocarp biomass have high lignin content and bulk energy
and serve as a potential lignin feedstock. Its high lignin content can be applied in the
fabrication of an interconnected carbon-silicon composite in the negative electrode of
LIBs. However, there is little understanding of this biomass and its unique properties as a
feedstock. The study of the physical, chemical and mechanical properties of endocarp
biomass is necessary to improve extraction and processing in biorefineries. The overall
aim of this study is to obtain more information on fruit endocarps in relation to its
composition and energy consumption as well as the conversion of potential lignin
fraction in the synthesis of lithium-ion battery electrode. Conversion of lignin derived
from endocarp biomass to anode material for lithium-ion batteries would also improve
coproduction in biorefineries and create a sustainable environment.

1.4

Research Objectives
This study aims to evaluate endocarp biomass as a novel lignin feedstock by

characterizing its chemical, structural and mechanical properties and upgrading derived
lignin to anode material for lithium-ion batteries. The specific objectives are to:
1. Characterize compositional, structural, and mechanical properties of the raw
endocarps (CHAPTER 2).
a. Determine the composition of the monomeric sugars, lignin content,
extractives and other components.
b. Analyze cellular arrangement through structural imaging.
11

c. Measure hardness and elastic modulus using nanoindentation.
d. Measure milling energy consumption of endocarp biomass and other typical
biomass feedstocks.
2. Fractionate and utilize lignin to synthesize carbon-silicon nanocomposites
(CHAPTER 3).
a. Compare effects of two pretreatment methods on lignin extraction.
b. Characterize extracted lignin from endocarps.
c. Investigate the electrochemical performance of lignin-derived carbon-silicon
nanocomposites.
By achieving these objectives, this study aims to address the following questions:
•

How are endocarp biomass different from the other common type of biomass
feedstocks?

•

How do these properties affect energy consumption and pretreatment?

•

Can lignin derived from endocarp biomass be upgraded to high-value
products?

This study will result in a better understanding of endocarp biomass to be effectively
used in bioprocessing. The results will help establish a relationship between its
structure and properties and explore the feasibility of the valorization of lignin
derived from endocarps.
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CHAPTER 2. CHARACTERIZATION OF COMPOSITIONAL, STRUCTURAL AND
MECHANICAL PROPERTIES OF ENDOCARP BIOMASS

2.1

Introduction

Lignocellulosic biomass refers to agricultural and plant material and they are abundant on
earth. They are ideally suited as an energy replacement for fossil fuels and for the
potential production of biofuels and bioproducts (Welker et al., 2015a). Lignocellulosic
biomass consists of cellulose, hemicellulose and lignin of which the cellulose and
hemicellulose fractions can be converted to bioethanol through fermentation while the
lignin can be utilized in the production of high-value chemicals and other aromatic
compounds (Welker et al., 2015a). The fractionation and conversion of lignin to valuable
materials has become an area of interest in biofuel research and lignin valorization will
increase economic feasibility of integrated biorefineries (Beckham et al., 2016).
Drupe fruits such as peach, walnut, coconut and almonds contain endocarps, the inedible
inner layers that are usually discarded during fruit or nut processing and not reintegrated
into the soil. These endocarps are high energy and bulk density feedstocks with the
highest lignin content of bioenergy feedstocks (Mendu et al., 2011). Around 24 to 31
million tons of drupe endocarp biomass are produced globally every year (Mendu et al.,
2012). These agricultural residues are underutilized and can potentially be applied in
bioelectricity production through small-scale gasification (Mendu et al., 2012). The cost
and energy balance of the biofuels supply and conversion chain can be improved by using
high energy density feedstocks like endocarps (Shi et al., 2013). Its high bulk and energy
13

density offer an advantage in its supply chain and logistics due to ease of access from
processing plants and relatively low energy requirements for transportation, storage, and
distribution. To properly utilize the whole biomass during bioconversion and analyze
feedstock logistics, additional information on the composition, structure and energy
consumption during preprocessing are required.
Prior to biofuel conversion, lignocellulosic biomass must undergo size reduction
from its original size after harvesting to a size of 1-2 mm to increase heat transfer, surface
area and accessibility of cellulose and hemicellulose (Schell & Harwood, 1994; Welker et
al., 2015a). Comminution, including milling and grinding of biomass, can be performed
by using knife mills, hammer mills, ball mills, disc mills, colloid mills, extruders and
shredders (Kratky & Jirout, 2011). In one study, the relationship between various
physical properties of biomass was investigated, which included moisture content,
densities and particle size, to its specific grinding energy (Mani et al., 2004). Switchgrass
was found to have the highest specific energy consumption at 27.6 kWh t−1 while corn
stover was measured at 11.0 kWh t−1 after grinding through a 3.2 mm screen size. The
same method was adopted by (Tumuluru et al., 2014) and it was also concluded that the
biomass densities were inversely proportional to intended particle size after grinding. For
improved sustainability using endocarp biomass, the mechanical properties and energy
requirements for the size reduction step need to be investigated.
This chapter analyzes the compositional, structural and mechanical properties of
peach and black walnut endocarp. A compositional analysis was carried out to determine
the percentage of glucan, xylan, extractives, ash and other polysaccharides of the
endocarp biomass samples. High Performance Liquid Chromatography (HPLC) was used
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to measure monomeric sugars. The determined composition was compared to other
biomass of known composition like pine, switchgrass and corn stover. The internal
structure of peach and black walnut endocarp was investigated using Scanning Electron
Microscopy (SEM) and compared to switchgrass and pine biomass. Mechanical
properties were characterized by nanoindentation to measure hardness and elastic
modulus and correlated to the energy consumed during size reduction.

2.2
2.2.1

Materials and Methods
Materials

The endocarps, peach pits and wood (Prunus persica), as well as black walnut
shells and its wood (Juglans nigra), were collected from the Center for Crop
Diversification at University of Kentucky. Unprocessed English walnut shells (Juglans
regia) were purchased from Eco-Shell, Corning, CA. 1-inch lodge pole pine (Pinus
contorta) and 1-inch switchgrass (Panicum virgatum) samples were obtained from the
Bioenergy Feedstock Library at Idaho National Laboratory, U.S. Department of Energy
(Idaho Falls, ID). All biomass samples were dried in a convection oven at 45 ± 2 °C for
24 h.
2.2.2

Compositional analysis

Biomass composition including structural carbohydrates, acid-soluble and acidinsoluble lignin in raw endocarps were quantified using a two-stage acid hydrolysis
according to the NREL standard procedure (Sluiter et al., 2010). Fifty milligrams of air15

dried extractive-free sample was mixed with 0.5 ml of 72% (w/w) sulfuric acid and
hydrolyzed at 30 °C for 60 minutes while stirring every 5 to 10 minutes. The acid
concentration was diluted to 4% by adding 14 ml DI water and the sample was then
autoclaved at 121 °C for 1 h. The acid soluble lignin was measured by UV-vis
spectrophotometer at 205 nm. Additionally, the acid insoluble lignin was calculated by
subtracting ash content from the solid residues. The monomeric sugars, glucose, xylose,
and arabinose were determined using HPLC (Ultimate 3000, Dionex Corporation,
Sunnyvale, CA, US) equipped with a Bio-Rad Aminex HPX-87H column at 50°C with 5
mM sulfuric acid as mobile phase at a rate of 0.4 ml/min. Extractives and ash were
quantified according to NREL standard procedures (Sluiter, Ruiz, et al., 2005) and
(Sluiter, Hames, et al., 2005) respectively.
2.2.3

Structural imaging

The structure of raw peach stones, walnut shells, switchgrass and pine biomass
were analyzed and compared using scanning electron microscopy (SEM). The dried
biomass samples were milled to 1 mm, and a few grains were attached to a mount then
sputter-coated in silver to enhance sample conductivity. Images of the internal structures
were obtained at beam accelerating voltages of 2 kV using a FEI Quanta 250 FEG SEM
operating at SE mode under low vacuum (0.40–0.65 Torr).
2.2.4

Nanoindentation

The hardness and elastic modulus of the longitudinal and transverse cross-section
of walnut and peach endocarps, walnut wood, peach wood and pine wood samples were
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measured by instrumented indentation (NanoTest Vantage, Micro Materials, UK).
Samples were embedded in epoxy resin and the nanoindentation test was performed at a
preset indentation depth of 3000 nm. Eight indents were made at different positions in
each sample using a Berkovich indenter. The longitudinal axis runs from the base to the
apex while perpendicular to the transverse cross-section, while the longitudinal axis of
the wood samples was also established in the direction of the microfibrils while
perpendicular to the transverse cross-section (Figure 6).

Figure 6 Schematic drawing of coordinate system used in defining cross-sections of
endocarps during nanoindentation.
2.2.5

Grinding energy consumption

Size reduction of biomass was performed using a knife mill (Thomas-Wiley
Laboratory Mill Model 4, Thomas Scientific, USA) powered by a 115 V, 1 HP single
phase electric motor. A 20g biomass sample was manually fed in one pulse into the mill
and allowed to pass through screen sizes of 1 mm or 2 mm. The power consumed by the
motor during grinding was measured using an Extech 380803 Power Analyzer (Extech
Instruments, Waltham, MA) and transmitted to the Extech 380803 Power Analyzer
datalogging software on a laptop computer using an RS-232 cable. Each sample was
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tested in duplicates and to establish a baseline for the machine power consumption,
additional data was collected for 30 seconds before and after the grinding process, the
end of which is defined by the return to average initial energy consumption values. The
total specific energy consumption (SEC) was calculated in MJ/kg by using Microsoft
Excel to integrate the area under the power curve for the grinding time which was then
divided by the dried mass of biomass.

2.3
2.3.1

Results and Discussion
Endocarp biomass composition

The chemical compositions of raw endocarp biomass compared to other plant
materials are shown in Table 1. Walnut and peach endocarps displayed a total lignin
content of 35% and 32% respectively which is higher than other lignocellulosic wastes
like corn stalk, barley straw and sugarcane bagasse that contain 10-25% lignin (Mussatto
& Teixeira, 2010). In walnut endocarp the acid insoluble lignin (AIL) and acid soluble
lignin (ASL) consists of 33.6% and 1.4% of total lignin content respectively while peach
endocarp lignin content consists of 29.9% AIL and 1.4% ASL. Glucan and xylan were
also present in significant percentages in walnut and peach endocarps at 20-21% and 1215%, respectively. Galactan, mannan, and arabinan were available in trace amounts, <1%
indicating hardwood characteristics. Other components were not determined and most
likely include pectins that hold cell walls together.
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Table 1 Compositional analysis of raw walnut and peach endocarps.
Walnut

Peach endocarp

Switchgrass (%) *

Lodgepole

endocarp (%)

(%)

Glucan

20.3±20.1

21.6±0.3

33.21

41.37

Xylan

12.6±0.0

15.8±0.3

21.65

5.9

Arabinan

0.1±0.0

0.1±0.0

3.27a

12.3a

Lignin

35.0±0.5

32.8±0.3

16.24

30.5

Extractives

13.5±0.0

9.6±0.0

14.26

4.49

Ash

4.1±0.0

2.1±0.0

1.88

0.27

Others

14.4±0.0

18±0.0

9.49

5.17

pine (%) *

* Chemical composition of switchgrass and lodgepole pine adapted from ("Bioenergy
Feedstock Library," 2016 ). a %Arabinan value includes %mannan, because arabinose
and mannose co-elute on the HPLC column. ± represents standard deviations.
Lignin content in the walnut endocarp was significantly higher (P = 0.003) than
that of peach endocarp. Overall, higher lignin content was observed in both walnut and
peach endocarp biomass than switchgrass and pine. This high lignin content requires
pretreatment methods with efficient lignin removal rates.
2.3.2

SEM images of biomass samples

Compared to other biomass feedstocks such as switchgrass and pine, endocarp
biomass exhibits high bulk density, smaller cellular shape and an increase in cellular
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density as shown by confocal imaging in an earlier study (Li et al., 2018a). The high
cellular density could be due to the high lignin content and may also contribute to its
mechanical properties.

Figure 7 SEM images of milled walnut, peach, switchgrass and pine biomass samples.
Figure 7 shows that the biomass samples underwent surface disruption due to the
mechanical cutting and grinding of the milling process and were present in various
sample sizes. The switchgrass and pine samples retained its lengthy fibrous nature while
the walnut and peach displayed irregular and particulate nature with smaller particle
sizes.
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Figure 8 SEM images of internal structure of walnut, peach, switchgrass and pine
biomass samples (a-d) and close-up images of cell walls (e-h).
Tightly packed sclerenchyma cells were observed in endocarp samples while
switchgrass and pine were fibrous in nature (Figure 8). The endocarp cell walls were
packed compactly with no space in between with thicker cell walls that are typically
lignified. The peach endocarp appeared to have more circular cell walls and with higher
magnification, pores that represent xylem vessels were visible. Walnut endocarp cell
walls were more irregular shaped with multiple layers that were visibly disrupted.
Switchgrass and pine showed larger cell walls and fibrous cell layers. The observed
results correlate with the high bulk density and lignin content determined in endocarp
biomass (Li et al., 2018a).
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2.3.3

Hardness and elastic modulus of raw endocarps

Figure 9 shows the SEM images of a typical indent on endocarp biomass sample
using a Berkovich triangular pyramid indenter while Figure 10 displays a typical loaddisplacement curve during nanoindentation. The curve represents deformation during
loading and unloading of the indenter.

Figure 9 SEM image of typical indent on walnut microstructure after nanoindentation test
(a) and close-up of indent on walnut transverse cross-section (b),
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Figure 10 Typical nanoindentation load-displacement curve of walnut longitudinal crosssection.
The hardness (H) and elastic modulus (E) values of the longitudinal and
transverse cross-sections of endocarp and wood samples were calculated from the loaddisplacement curves by the nanoindenter software using Equations 1 and 2derived by
(Oliver & Pharr, 1992).

𝐸𝐸𝑟𝑟=

√𝜋𝜋 𝑆𝑆
.
2 √𝐴𝐴

𝐻𝐻 =

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴

(1)
(2)

where Er, is the reduced modulus, A is the contact area of the indenter, S is the measured
stiffness determined by the slope of the unload at the maximum displacement point, H is
the hardness and Pmax is the maximum load. The hardness and elastic moduli of walnut
and peach endocarps were observed to be higher than that of the wood obtained from
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their trees and pine wood samples and there was no significant difference (P = 0.433)
between hardness values of both endocarp cross-sections (Table 2). Walnut shell exhibits
the highest hardness of 0.48 GPa at the longitudinal cross-section, while peach stone
exhibits the highest hardness of 0.40 GPa at the transverse cross-section. Although there
is limited data on walnut and peach endocarps, results can be compared to other
endocarps from previous studies using nanoindentation including cocoyol endocarp (H0.31 GPa and E-9.1 GPa) (Flores-Johnson et al., 2018), macadamia nutshell (H-0.54 GPa
and E-8.5 GPa) (Kaupp & Naimi-Jamal, 2011), and walnut shell (H-0.45 GPa and E-7.0
GPa) (Kaupp & Naimi-Jamal, 2011).
Table 2 Hardness and elastic modulus based on nanoindentation for various parts of
walnut, peach and pine biomass.
Hardness (GPa)

Elastic modulus (GPa)

Walnut shell (longitudinal)

0.48± 0.30

8.46± 4.87

Walnut shell (transverse)

0.34± 0.08

7.57± 1.81

Peach stone (longitudinal)

0.37± 0.12

8.76± 1.03

Peach stone(transverse)

0.40± 0.11

9.08± 0.90

Walnut wood (longitudinal)

0.19± 0.11

3.11± 1.38

Walnut wood (transverse)

0.11± 0.04

4.18± 1.60

Peach wood (longitudinal)

0.09± 0.08

1.73± 1.14

Peach wood (transverse)

0.22± 0.11

9.11± 6.37

Pine wood (longitudinal)

0.16± 0.09

2.46± 1.23

Pine (transverse)

0.22± 0.10

5.25± 1.99

± represents standard deviations of multiple indents on each sample (n=8).
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When investigating the longitudinal cross-sections, the endocarps exhibited higher elastic
modulus than the wood samples indicating stiffer material which also correlates with
tight cellular structure. Increased variation was observed between cross-sections of wood
samples with higher elastic modulus values in the transverse cross-section suggesting
higher stiffness when force is applied on the surfaces of the cellular fibers. There was less
variation between cross-sections of the endocarps and there was no significant difference
for walnut (P = 0.106) and peach (P = 0.721) between transverse and longitudinal crosssections.
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Figure 11 Comparison of elastic modulus in longitudinal and transverse cross-sections of
biomass sources. Error bars represents standard deviations of multiple indents on each
sample (n=8).
2.3.4

Energy requirement for size reduction

Specific energy consumption (SEC) has been observed to be affected by various
physical properties of biomass including density, moisture content, particle size, mill type
and the structural property of the material (Mani et al., 2004). Table 3 lists the average
specific energy consumption of various biomass materials at 1 mm and 2 mm screen sizes
using a knife mill. Among all biomass sources, endocarp biomass consumed higher
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energy during size reduction than woody and herbaceous biomass. Grinding peach stones
required the highest energy with a 1 mm screen at an average SEC of 12.40 MJ kg-1 while
switchgrass required the least energy at an average SEC of 2.20 MJ kg-1.

Table 3 Specific energy consumption of various biomass sources using a knife mill.
Specific energy consumption (MJ/kg)
1 mm screen

2 mm screen

Mean

SD

Mean

SD

Switchgrass

2.20

0.05

2.70

0.16

Lodgepole Pine

6.55

0.15

5.76

0.18

Peach Endocarps

12.61

2.63

2.72

0.11

Black Walnut Endocarps

9.21

0.46

1.86

0.00

English Walnut Endocarps

8.22

0.48

1.72

0.30

Almond Shells

8.20

2.41

2.05

0.10

The energy consumption of biomass samples increased with decrease in grinding
screen size indicating an inversely proportional relationship between specific energy
consumption and screen size as similarly observed in another study (Tumuluru et al.,
2014). This is due to longer biomass particles and less resistance to flow through the
larger screen diameter. However, this increase in energy was not observed in switchgrass
which could be due to difference in herbaceous structure and variability of stalk size from
bales. High variability was also observed in peach and almond shells with standard
deviations of 2.63 and 2.42 MJ/kg respectively which can be attributed to the small
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sample size and non-homogenous samples in each batch. Due to the size constraints by
the mill, it was not possible to collect data from larger biomass samples, however, this is
necessary for future studies in order to obtain a more representative data. In the future,
larger scale experiments can be carried out using a commercial knife mill or hammer mill
to grind up to 3-25 kg of biomass samples while incorporating a constant feed rate (Bitra
et al., 2009; Mani et al., 2004; Tumuluru et al., 2014). The data obtained from this
experiment will be useful in determining pre-processing cost and as preliminary data
when conducting large scale energy consumption experiments.

2.4

Conclusions
The compositional analysis determined that walnut and peach endocarps have higher

lignin content than other common biomass feedstocks. Endocarps were observed to have
distinct structural characteristics from woody and herbaceous biomass that attribute to its
physical properties. The particulate nature of endocarps indicates brittleness and tightly
packed cell walls increases bulk density. Nanoindentation confirmed that endocarp
biomass has high hardness and elastic modulus which indicates its toughness and high
resistance to deformation. Furthermore, energy consumed during size reduction of
endocarps was dependent on intended particle size and requires less energy with
increasing screen size. Results from this study suggest a structure-property relationship
between lignin content, microstructure and mechanical properties of endocarps. Based on
the obtained information, endocarps can serve as feedstock for the upgrade of lignin,
however, an effective lignin removal and depolymerization method is required.
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CHAPTER 3. FRACTIONATION AND UPGRADE OF LIGNIN TO CARBONSILICON NANOCOMPOSITES FOR ANODE MATERIAL IN LITHIUM-ION
BATTERIES

3.1

Introduction
Recent efforts to meet global energy demands and mitigate climate change by

reducing greenhouse gas emissions have given attention to lignocellulosic biomass as an
alternative energy source (Ragauskas et al., 2014). Lignocellulosic biomass is a plant
material that consists of mainly cellulose, hemicellulose and lignin. The polysaccharides
(cellulose and hemicelluloses) are converted to biofuels through pretreatment, enzymatic
saccharification and fermentation in biorefineries (Lee, 1997). Lignin is an aromatic
polymer that provides structure in the plant cell wall and is a potential source of building
blocks for conversion into high-value chemicals and materials (Ragauskas et al., 2014).
The endocarp is the hardened inedible layer beneath the mesocarp of drupe fruits such as
peach stones, and walnut, coconut and almond shells. Endocarps are produced worldwide
with an annual yield of 31 million tons (Mendu et al., 2012). These endocarps are high in
bulk density and display the highest lignin content of plant biomass (Mendu et al., 2012).
The co-production of biofuels and value-added chemicals and materials from lignin-rich
feedstock such as endocarp biomass will greatly benefit the economics of integrated
biomass refineries. In order to access lignin in these biomass sources for valorization and
biofuel conversion, a method for fractionating lignin and cellulose from the feedstock
with high efficiency and low cost is necessary.
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Lithium-ion batteries (LIBs) are the most common power sources for portable
electronics and are a promising technology for next-generation energy storage material
for electric vehicles and renewable energy (Armand & Tarascon, 2008). However, the
limited capacity (372 mAh g-1) of graphite anodes currently utilized as electrode material
in lithium batteries remains a challenge in energy storage applications (D. Ma et al.,
2014). Silicon has received increasing attention as one of the most promising negative
electrode materials for advanced LIBs because of its high theoretical specific capacity
(4200 mAh/g), abundance, low electrochemical potential and low cost (D. Ma et al.,
2014). Adversely, convectional silicon anodes undergo irreversible volume change
(~300%) during insertion and extraction of lithium ions that causes extreme particle
pulverization, the formation of solid-electrolyte interphase (SEI) film, and the loss of
electrical contact, resulting in capacity loss and short cycle life (Jin et al., 2017).
Strategies to improve the mechanical integrity and electrochemical performance of
silicon-based LIBs utilize silicon nanostructures, hollow structures, binder materials and
composites of silicon and conductive materials like carbon (D. Ma et al., 2014). Recently,
promising results were reported with carbon-silicon nanoparticles composites derived
from pyrolysis of Kraft lignin (Li, 2019). The carbon layer served as a protective shell for
the silicon nanoparticles and exhibited improved electrochemical performance as
potential electrode material for LIBs.
The goal of this study is to develop a lignin fractionation method for extracting
lignin from walnut endocarp and investigate the effect of lignin-derived carbon in
nanocomposite materials as anode for LIBs.
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3.2
3.2.1

Materials and Methods
Materials

Black walnut shells (Juglans nigra), were collected from the Center for Crop
Diversification at University of Kentucky. Biomass samples were dried in a convection
oven at 45 ± 2 °C for 24 h and milled to pass 1 mm screen using a Wiley Mill. Samples
were then sieved through a 40-mesh screen to obtain a particle size range 0.25 to 0.420
mm. All analytical grade chemicals and reagents for biomass pretreatment were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific (Waltham,
MA, USA). Cellulase (Cellic® CTec2) and hemicellulase (Cellic® HTec2) enzymes
were provided by Novozymes North America (Franklinton, NC, USA). Anhydrous N, Ndimethylformamide (DMF) was purchased from Sigma-Aldrich. Silicon nanoparticles (Si
NPs) with a diameter of 30-50 nm were purchased from Nanostructured & Amorphous
Materials (Katy, TX) and electrodeposited copper (Cu) foil (thickness, 18 μm; density,
17.48 mg cm-2) was purchased from Pred Materials (New York, NY).
3.2.2

Pretreatment methods

Deep eutectic solvent (DES):
The DES used for lignin fractionation was synthesized from choline chloride and
lactic acid. This was prepared at a 1:2 choline chloride-lactic acid molar ratio in a beaker
at 60 °C with constant stirring until homogenous. Walnut endocarp biomass was mixed
with the choline chloride-lactic acid DES solvent at 10% solid loading in a glass pressure
reactor, capped and then heated at 145 °C for 6 h with constant stirring at 200 rpm (Li et
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al., 2018b). The resulting slurry after pretreatment was washed with an equal volume of
ethanol and centrifuged at 4000 rpm for 10 minutes to separate the pretreated solid and
liquid fraction. The solid biomass was washed and centrifuged four more times with
equal volume ethanol to remove any remaining DES solvent. To precipitate the lignin
from the liquid fraction, water was added to the liquid until reaching a water: ethanol
ratio of 1:9. The precipitated lignin was also washed five times with a 1:9 water: ethanol
solvent. The solid biomass and lignin were freeze-dried and weighed. Lignin yield from
liquid fraction was calculated as a percent fraction of the lignin composition in the raw
unpretreated endocarp. Lignin purity was determined by analyzing the monomeric sugars
present using HPLC and calculating percent lignin in the total mass.
Alkaline pretreatment:
Aqueous sodium hydroxide solution at 2% (w/w) was mixed with walnut
biomass at 10% solid loading in a glass serum bottle, capped and then heated in an
autoclave at 121 оC for 1 h. After pretreatment, the resulting slurry was centrifuged to
separate the solids and liquid streams. The pH of the liquid stream was adjusted to 1-2 by
adding hydrochloric acid and left to sit overnight to precipitate lignin. The precipitated
lignin and biomass solids were washed four times with DI water to remove residual
sugars and excess alkali. The recovered solids were freeze-dried and weighed. The
monomeric sugars in the recovered lignin after pretreatment were quantified by HPLC to
calculate the purity same as described above.
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3.2.3

Enzymatic hydrolysis and mass balance

Enzymatic hydrolysis of the pretreated walnut shells were carried out following
the NREL laboratory analytical procedure (Selig et al., 2008). The recovered solids after
pretreatment were mixed with 50 mM citrate buffer, 0.01 g/L sodium azide and the
cellulase (Cellic® CTec2) was applied at enzyme loading of 100 mg CTec2 protein/g
glucan supplemented with hemicellulase (Cellic® HTec2,) loading of 1.4 mg/g glucan.
The saccharification was performed at 50 °C in an orbital shaker for 72 h. After
enzymatic saccharification, the remaining solids were collected by centrifugation and
washed four times with DI water to remove residual sugars and freeze-dried, while the
liquid fractions were analyzed by HPLC to determine monomeric sugar concentrations.
Mass balances (glucan, xylan and lignin) were tracked on the liquid and solid streams of
fractionated endocarps after DES pretreatment, alkaline pretreatment and enzymatic
hydrolysis on dry basis of 100 g starting biomass according to NREL laboratory
analytical procedure (Sluiter et al., 2010).
3.2.4

Extracted lignin characterization

Cellulolytic enzyme lignin (CEL) isolation:
Raw black walnut shells were extracted with a mixture of toluene-to-ethanol ratio
of 2:1 (v/v) in a Soxhlet extractor for 24 h. CEL was isolated according to a procedure as
published in (Hu et al., 2006; Yoo et al., 2016). The extractives-free samples were milled
using a SPEX SamplePrep 8000D ball mill filled with 10×10 mm balls at 550 RPM with
5-minute run time and 5 min pauses followed immediately for a total of 1.5 h. Enzymatic
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hydrolysis was carried out on the milled samples with a mixture of 1:1 (v/v) of Cellic®
CTec2 and HTec2 at 50 °C, 0.05 M citrate buffer and pH 4.8 in an orbital shaker for 48 h.
The mixture was centrifuged in order to obtain the solid residue and enzymatic hydrolysis
was repeated on the solids with fresh enzymes. The lignin-rich residue was then extracted
with dioxane-water (96% v/v, 10.0 mL/g biomass) for 24 h. After extraction, the mixture
was centrifuged, the supernatant was collected and dioxane extraction was repeated one
more time. The extracts were combined, roto-evaporated to reduce the volume at less
than 45 °C and freeze dried to collect CEL for further analysis.
Fourier transform infrared spectroscopy (FTIR)
The absorbance spectra of CEL and DES/alkaline extracted lignin samples were
obtained using a Nicolet iS50 FTIR spectrometer to investigate the structural changes.
Spectra were obtained using an average of 32 scans with a resolution of 0.482cm-1 in the
range of 400-4000 cm-1.
Preparation of carbon-silicon nanoparticles (C/Si NPs) composite
The carbon-silicon composite was synthesized through co-pyrolysis of lignin and
Si NPs to form a carbon matrix and pores. DES and alkaline lignin were dissolved in
DMF at 60 ℃ to make an 18.5 wt% solution. The silicon nanoparticles (Si NPs) were
gradually added into the solution at a 1:1 wt. ratio to lignin with continuous stirring until
the Si NPs were uniformly dispersed in the solution. The prepared slurry was coated onto
the Cu foil using a Doctor blade with a fixed gap of 127 μm and then air-dried at room
temperature before vacuum oven drying at 120 °C overnight. After drying, the composite
coated Cu foil was transferred into a tube furnace. The furnace was programmed to heat
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from room temperature to 600 °C, ramping at 2 °C/min and holding for 2 h at the target
temperature before cooling down to room temperature under a steady argon flow of 0.4
L/min.
3.2.5

Morphology and structure characterization of nanocomposites

Images of the DES and alkaline lignin-derived C/Si NPs composites and Si NPs
were obtained using a scanning electron microscopy (SEM, Quanta 250 FEG, Thermo
Fisher Scientific) and a transmission electron microscopy (TEM, Talos F200X, Thermo
Fisher Scientific). The absorbance spectra of the samples were obtained using a Fourier
Transform Infrared Spectrometer (FTIR, Nicolet iS50, Thermo Fisher Scientific) to
examine chemical structure, at a resolution of 0.482 cm-1 for 32 scans in the range of 400
to 4000 cm-1. The surface chemistry and binding energy of the samples were investigated
by an X-ray Photoelectron Spectrometer (XPS) system (K-Alpha, Thermo Fisher
Scientific) by irradiating monochromatic Al Kα x-rays (energy of 1486.6 eV) onto a 400
μm diameter focused spot on the sample.
3.2.6

Electrochemical performance characterization

The Si NPs content of the C/Si NPs composite was calculated by determining the
weight change of the electrodes before and after carbonization, assuming a constant
weight of Si NPs and Cu foil. Electrodes were punched into discs with a diameter of 12
mm for electrochemical tests and the loading of C/Si NPs was 1.0-1.2 mg cm-2, while the
loading of Si NPs was 0.63−0.76 mg cm−2 (Si NPs content of the C/Si NPs was around
63%). The electrochemical performance of the anode material made of DES and alkaline
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lignin-derived C/Si NPs composites were determined in CR2025 type half-cell
configuration coin cells. The cells were assembled in an argon-filled glovebox by
following a protocol described in a previous study (Li, 2019). Electrochemical
measurements of the electrodes were taken at room temperature with a multi-channel
potentiostat (VMP-3, Bio-Logic Science, Knoxville, TN) within a voltage range of
0.01−1.0 V.

3.3
3.3.1

Results and Discussion
Effect of pretreatment method on mass balance

The mass flows of lignin, glucan, and xylan in walnut endocarp during DES,
alkaline pretreatment, and enzymatic saccharification are shown in Error! Reference
source not found.. After pretreatment, 46.9g and 67.9g of pretreated solids were
recovered for DES and alkaline pretreatment based on 100g dry starting weight. The
majority of glucan and a small amount of xylan was found in the pretreated solid streams.
After enzymatic saccharification, approximately 22.3g glucose and 2.6g xylose was
recovered from the hydrolysate (liquid stream) after enzymatic hydrolysis of the DES
pretreated solids while 23.0g glucose and 7.7g xylose was recovered from the hydrolysate
(liquid stream) after enzymatic hydrolysis of the alkaline pretreated solids. Following
pretreatment and lignin precipitation, 22.2g endocarp lignin (63.7% of total) and 10.1 g
peach endocarp lignin (28.9 % of total) with trace amounts of glucan and xylan was
recovered from DES and alkaline liquid fractions respectively. DES was found to be
more effective than alkaline pretreatment in fractionating lignin. The low xylose yields
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after DES pretreatment may be attributed to the decomposition due to low pH conditions
(Li, 2019).

Figure 12 Mass flows of lignin, glucan, and xylan after DES, alkaline pretreatment, and
enzymatic saccharification of walnut endocarp.

3.3.2

FTIR spectra of lignin streams

The structural and chemical features of the cellulolytic lignin - CEL, DES and
alkaline extracted lignin were investigated and compared to Kraft lignin using FTIR
(Figure 13). The bands between 1400 and 1600 cm-1 represent the aromatic skeletal
vibrations of lignin (Faix, 1991). The peaks at 1505 and 1595 cm-1 reflect the C=C
aromatic skeletal vibrations, while the peaks at 1420 and 1460 cm-1 can be attributed to
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the C-H deformations in CH2 and CH3 groups and C-H aromatic ring. The peaks of DES
extracted lignin and alkaline extracted lignin were significantly lower in intensity at 1420
and 1460 cm-1 when compared to cellulolytic lignin and Kraft lignin, suggesting possible
breakdown of the CH2 and CH3 groups after pretreatment. The peaks at 1220 and 1280
cm-1 were associated with C-C, C-O and C=O stretching, and increased intensity was
observed at both peaks in DES lignin indicating condensed guaiacyl absorptions and
guaiacyl ring C=O stretching (Wen et al., 2013). Furthermore, the peak linked to syringyl
units was observed at 1120 cm-1 as a result of aromatic C-H in plane deformation (Wen et
al., 2013) and there was a decrease in intensity in alkaline lignin compared to cellulolytic
and Kraft lignin. The peak observed in all samples at 1050 cm-1 represents the C-O
vibrations in the crystalline cellulose region. These observations suggest that the
extracted DES and alkaline lignins were less pure than Kraft lignin, however, overall
lignin structure was retained after pretreatment.
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Figure 13 FTIR spectra of DES, Alkaline, Kraft and Cellulolytic lignin.
3.3.3

Morphology and structure of lignin-derived nanocomposites

After synthesis of the DES and alkaline lignin derived C/Si nanoparticle composites, the
morphology and chemical structures were characterized and compared to pristine silicon
nanoparticles. Figure 14 shows SEM images of silicon nanoparticles, DES and alkaline
derived C/Si composite materials. The Si nanoparticles have a well-defined and
homogeneous particle size distribution. The defined nanoparticles also appeared to clump
together to form particle clusters in the C/Si composites as well as larger geometric
particles thought to be related to carbonization after pyrolysis.
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Figure 14 SEM images of Si nanoparticles, alkaline and DEA derived C/Si composites.
TEM images in Figure 15 further reveals the structure and dispersion of the C/Si
composite materials. The Si nanoparticle, Figure 15a, has a round crystalline structure
with a diameter of 30 – 50 nm. There is a thin layer (~1 nm) of amorphous silicon oxide
on the surface of the Si NP due to the high reactivity of silicon surface with oxygen
(Wright et al., 2016). After carbonization, Figure 15b and Figure 15c reveals a layer 5-10
nm thick of carbon uniformly coated on the Si NP. Based on the elemental mapping of C
and Si using Energy Dispersive X-Ray Analysis (EDX) in Figure 15d and Figure 15e, the
carbon seems to be evenly dispersed in the coating layer of Si NPs but was not evenly
dispersed throughout the C/Si composites. Carbon-rich regions can be observed mostly
in the DES C/Si composite and these regions likely contribute to the matrix and improve
electrical conductivity.
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Figure 15 TEM images of a) Si nanoparticles, b) DES and c) alkaline lignin derived C/Si
composites and elemental mapping of C (green) and Si (red) of d) DES C/Si NPs
composite and e) alkaline C/Si NPs composite.
XPS analysis was used to investigate the surface chemistry and chemical bonding state
after carbonization. Figure 16 shows the XPS survey spectra and Figure 17 shows the
high-resolution Si 2p spectra of DES and alkaline lignin C/Si composites as compared to
Si NPs. Carbonization is observed in both C/Si composites with larger C1s peaks and
increased intensity in alkaline C/Si composite. The O1s peaks represents functional
groups containing oxygen on the solid surface. The Si 2p orbital in Figure 17 consists of
two main regions; the first primary 3/2-1/2 doublet peak is found at 99.1-99.7 and
corresponds to the elemental Si while the peaks at 100.8 and 103.4 eV represent SiOx,
including Si2O and SiO2, indicating the partially oxidized surface of the C/Si composite
(T. Ma et al., 2019). The elemental Si peak decreases in the alkaline Si/C composite as a
result of the carbon coating layer. These results correlate with the silicon oxide layer in Si
NPs and increased carbon layer after carbonization that was observed in TEM images
earlier. Figure 18 shows the FTIR spectra of the Si NPs and C/Si composites. The Si NP
spectra is dominated by bands from 950 to 1250 cm-1 that represents the Si-O-Si bond,
which corresponds to amorphous silicon oxide. These bands were significantly decreased
in both DES and alkaline lignin C/Si composite, suggesting that C and Si NP were
bonded by direct Si-C or Si-O-C bond in the composite.
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Figure 16 XPS spectra of Si nanoparticles, DES and alkaline lignin derived C/Si
composites.
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Figure 17 Si 2p peaks of Si nanoparticles, DES and alkaline lignin derived C/Si
composites.

Figure 18 FTIR spectra of Si nanoparticles, DES and alkaline lignin derived C/Si
composites.
3.3.4

Electrochemical performance analysis

The electrochemical performance was determined using a potentiostat. Figure 19
shows the cycling stabilities of DES and alkaline lignin C/Si NPs composite electrodes
compared with PVDF/Si electrode, a popularly used anode material. After the first four
cycles, the discharging capacity of PVDF/Si electrode degraded significantly from 3533
to 882 mAh g-1 then drops steadily to 510 mAh g-1 before eventually reaching 334 mAh
g-1 at 100 cycles. However, the DES lignin C/Si NPs composite reached a reversible
capacity of 3091 mAh g-1, rapidly degraded after the first three cycles before maintaining
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a capacity of 1552 mAh g-1 on average for over 200 cycles. While the alkaline lignin C/Si
NPs composite reached a reversible capacity of 2638 mAh g-1, rapidly degraded after the
first three cycles before maintaining a capacity of 1602 mAh g-1 on average for over 200
cycles. The rapid capacity loss observed in the charge process is caused by change in
volume which is a common aspect of the amorphous LixSi delithiation reaction (Xu et al.,
2014) and growth of solid-electrolyte interface (T. Ma et al., 2019). The increased
cycling stability of the C/Si composites electrode illustrates improved cohesion strength
between Si NPs and lignin-derived carbonaceous material.
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Figure 19 Electrochemical performance of DES and alkaline lignin C/Si NPs composite
electrodes compared with PVDF/Si anode electrode materials.
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3.4

Conclusion
DES pretreatment proved to be effective in lignin fractionation from endocarps

with 64% removal rate as compared to the 29% removal rate for alkaline pretreatment.
Both DES and alkaline derived lignin was efficient in synthesizing a binder-free C/Si
composite for prolonged life cycle of LIBs. The results presented in the study suggest
that a carbon coating layer on the silicon anode effectively buffers stress during lithiation
and enhances mechanical structure to enable lithium ion movement. The carbon layer
serves as a current collector and acts as a porous matrix for silicon nanoparticles,
allowing for volume expansion and contraction. The high-value electrode material
represents a promising valorization pathway for lignin, which can greatly improve the
economic efficiency and sustainability of a biorefinery using endocarp biomass as
feedstocks.
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CHAPTER 4. FUTURE WORK

4.1

Techno-economic analysis of endocarp biomass logistics
The present study was successful in investigating the structural and mechanical

properties of endocarp biomass and providing more information for process development
during biomass conversion. The high bulk density of endocarp biomass may reduce
transportation and storage costs. However, a techno-economic study of the cost of
feedstock supply logistics is necessary to implement a novel feedstock in larger scale
biorefineries and analyze its feasibility for co-production of biofuels and lignin derived
products. To model the endocarp supply chain, a systematic cost analysis of collection,
pre-processing, transport operations and on-site storage cost is required, and can be
carried out following the Integrated Biomass Supply Analysis and Logistics (IBSAL)
model (Sokhansanj et al., 2006). The specific energy consumption results obtained from
this study can be used to estimate pre-processing costs. The milling experiments can be
carried out on a larger scale in order to obtain a more representative dataset at industrial
relevant conditions. Different types of endocarps can also be studied to investigate
variability. The outcomes will provide an evaluation of the technological maturity and
cost efficiency of endocarp biomass as feedstock.

4.2

C/Si composite electrode testing
The binder-free lignin-derived C/Si nanocomposite developed in this study opens

new possibilities in the implementation of biorenewable resources in electrochemical
energy storage applications. To support these findings, additional experiments including
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full coin cell testing can be carried out to analyze charge and discharge capacity and
investigate effect of interactions between positive and negative electrodes. The ligninderived C/Si composite electrodes can also be run for longer cycles to determine the life
span and degradation mechanism.
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